A novel method of obtaining two orthogonal velocity components with high spatial and temporal resolution is investigated. Both components are obtained utilizing a single sensing nanoribbon by combining the two independent operating modes of classic hot wire anemometry and the newly discovered elastic filament velocimetry (EFV). In contrast to hot wire anemometry, EFV measures fluid velocity through correlating the fluid forcing with the internal strain of the wire. In order to utilize both modes of operation, a system that switches between the two operating modes is built and characterized, and the theoretically predicted sensing response time in water is compared to experimental results. The sensing system is capable of switching between the two modes of operation at a frequency of 100 kHz with minimal attenuation with an uncompensated repetition rate up to 3 kHz or up to 10 kHz utilizing modest signal compensation. While further characterization of the sensor performance in air is needed, this methodology enables a technique for obtaining wellresolved yet cost-efficient directional measurements of flow velocities which, for example, can be used for distributed measurements of velocity or measurements of turbulent stresses with excellent spatial resolution.
Introduction
Fluid flow measurements have been obtained through the use of in situ sensing elements for over two centuries, starting with the relatively simple yet bulky design of a Pitot tube in the 18th century and progressing to the complex yet miniature hot wire anemometry (HWA) probes used today. Pitot tubes remain the most cost-effective method for obtaining mean velocities in fluid flow, but they are typically restricted to one component, have a slow frequency response, and the measurements need to be corrected for viscous effects, shear and turbulence. When measuring multiple components of velocity or higher order turbulence statistics, the use of hot wires supersedes that of Pitot tubes. Optical methods, such as laser Doppler velocimetry (LDV) or particle image velocimetry (PIV) are also used often, but can be significantly more expensive.
Whether it is through intrusive or non-intrusive measurements, in order to prevent errors and bias in the higher order statistics, turbulence measurements require sensors that can spatially and temporally resolve the flow [1] . As experiments in turbulence push towards more extreme Reynolds numbers, the need for high resolution become even more acute. This in turn means sensors that do not sufficiently resolve the vanishingly small scales will result in a bias in measurements, which can lead to both erroneous conclusions and inconsistencies in the published data [2] . Efforts have been taken to correct for sensor size and flow conditions [3] , which resulted in a better understanding of the requirements governing the probe geometry. To mitigate the need for correction factors, miniature sensor designs have been introduced, both in physical dimension and in their thermal mass, which leads to higher temporal resolutions [4] [5] [6] .
While the miniaturization of sensing wires has resulted in more accurate flow measurements, the most common deployment method is sensitive only to the stream-wise component of velocity. In order to measure the numerous components of the turbulence stresses, simultaneous measurements of two components of the instantaneous velocity are required. To accommodate such measurements sensors have been designed with wires in numerous configurations [7] [8] [9] , often leading to complicated or involved calibration techniques. In addition to possible contamination from cross talk between cross-wires [10] , the spatial resolution of multi-component measurements is also limited due to the probe geometry, leading to increased signal attenuation [8] . Reducing the overall probe volume, including the length of the sensing elements and their spacing becomes necessary to accurately resolve turbulence statistics.
In this paper, we describe and evaluate a novel methodology to measure two components of velocity. The new technique uses only a single nanoribbon sensing element, which significantly increases spatial resolution. The characterization and calibration of the sensor are performed in a uniform laminar flow of water to compare theoretical predictions with experimental results, demonstrating the ability to be sensitive in two orthogonal directions. This preferential directional sensitivity requires two independent modes of operation of the wire and a methodology for switching between the two. The temporal response and attenuation in switching between the two modes of operation, as well as the response within each mode is characterized, both theoretically and experimentally, suggesting that the sensor is sufficiently fast for turbulence measurements, and a suggested method of employment is discussed.
Theory of operation

Sensing modes
The ability to obtain two components of velocity through a single sensing element requires a sensor with two independent preferential directions when utilized under different modes of operation. By coupling the unique sensing capabilities of elastic filament velocimetry (EFV) [11] with traditional hot wire anemometry, two components of velocity can be extracted in an instantaneous sense.
The HWA mode of operation employed in this study is constant current anemometry (CCA). However, the general idea introduced here can also be extended to constant temperature anemometry (CTA) without any loss of generality and even higher temporal response. Under HWA operation a pre-determined current is passed through the nanoribbon, high enough to cause Joule heating. The heating increases the temperature of the wire and causes a change of its electrical resist ance. The flow passing over the wire convects the heat away allowing a balance between internal heating and convection. As the velocity changes, the convection will increase or decrease, thus changing the temperature of the wire. The thermal coefficient of resistance of the wire is exper imentally determined, and thus a relationship between temperature and wire resist ance can be formed. By measuring the voltage across the wire (or equivalently the wire resistance), the flow velocity can be correlated to the voltage output [12] . This mode of operation provides the total convective velocity in the plane of the wire.
Elastic filament velocimetry, as outlined by Fu et al [11] , is utilized as the second mode to measure velocity. Rather than measuring changes in resistance due to heat transfer, in EFV the velocity is correlated to strain in a nanoribbon. EFV measurements are performed by operating the circuit in a similar fashion to the CCA mode, but with a much smaller current through the sensing element such that temperature changes due to Joule heating can be neglected. By keeping one dimension of the sensing element much smaller than the other directions, the nanoribbon is allowed to deflect in that direction due to the fluid forcing. This anisotropic sensing mode responds to a single component of velocity in the wire plane prescribed by the wire geometry and orientation. This results in a strain, which can be related to a change in resistance through the material dependent gain factor, G F .
Decomposing velocity components
By manufacturing a sensor with an exposed nanoribbon with accurately determined dimensions, such that it strains when exposed to the flow without yielding, it can function under both the hot wire and EFV modes of operation. Here we use a platinum sensing element (with × w × t = 60 µm × 2 µm × 100 nm). The wire geometry and orientation with respect to a Cartesian coordinate system is shown in figure 1 , where the wire width is in the x-direction, and the thickness is in the z-direction. The overall picture is not to scale, as the support stubs (60 µm × 60 µm in area) are much larger than the wire. The wire deflects in the y-direction, with the longest dimension in the z-direction. As the wire deflects some distance δ, it elongates by some ∆ , causing a strain and registering as a change in its resistance. This nanoribbon is positioned at the front of the superstructure, as seen in figure 2 . The overall geometry and manufacturing process of sensor is similar to that of the nanoscale thermal anemometry probe (NSTAP), which is described in [13, 14] .
By varying the magnitude of the current being passed through the nanoribbon, the sensor will operate as HWA at high currents and EFV sensor at low currents. While the hot wire mode of operation is capable of extracting the instantaneous magnitude of the velocity in the plane of the nanoribbon, the EFV effect is used to extract the magnitude in the direction of the shortest dimension. To distinguish the two velocity components from each other, a new decomposition method is introduced. The calibration procedure is similar to the methodology used for measuring two velocity components with cross wires [15, 16] , where the sensor needs to be calibrated at a number of angles relative to the flow.
Utilizing the sensor orientation seen in figure 2 , the instantaneous velocity components can be decomposed from the measured signal by relating the sensor angle to the mean fluid forcing for the two modes of operation. Note that here we assume that the sensor is deployed in a predominately 2-D flow, and the wire geometry implies a strong directional EFV sensitivity and near isotropic sensitivity in the hot wire mode. Previous studies found a similar sensor geometry, operated in HWA mode, to be mostly insensitive to the pitch angle α, much like traditional hot wires [13, 14] . This means that for modest angles of attack (−15
, the HWA measurements do not depend on α, resulting in a simple calibration for the hot wire:
where E h is the instantaneous hot wire voltage output at each data point, U and u are the mean and fluctuating velocity in the x-direction, respectively, and f is the functional dependence expressed by a curve fit to experimental data. If the overheat ratio is too small, an angular dependence on the signal can arise, which is discussed in the results below. The remainder of the analysis here will assume sufficiently high overheat so as to ignore this angular dependence. This assumption is investigated in section section 4.3, where an overheat of 1.15 is compared to an overheat of 1.07. Assuming a fourth order polynomial fit to the calibration data after performing a time average (denoted by the overbar), the mean velocity can then be found through obtaining the polynomial coefficients:
(2) where A n are the coefficients of a fourth order polynomial fit. The instantaneous fluctuating velocity can be extracted at each data point by subtracting equations (2) from (1):
The anisotropic geometry of the sensing element makes the EFV mode of operation highly sensitive to the angle of attack. With the orientation utilized in figure 2 , the EFV mode will have a primary sensitivity to the y-component of the velocity (V), but, due to the non-zero angle of attack, it will also be influenced by the x-component (U). Therefore, the instantaneous output of the EFV will be a representation of weighted vector sum of these two components:
where V and v are the mean and fluctuating velocity in the y-direction, respectively, α is the angle defined in figure 2 , E l is the instantaneous EFV voltage output for each data point, and g is some functional form found through a best-fit of the data. Assuming there is negligible mean V, like many wall bounded turbulent flows, equations (1) and (4) can be combined and rearranged, allowing the instantaneous magnitude of v to be extracted:
The sensor will have a fixed α for the experimental setup, and both E h and E l will be measured, allowing the extraction of U, u , and v . However, an accurate decomposition of the signal depends on the speed in which the system switches between the two independent operating modes, and thus requires a sufficiently high temporal response of the sensor.
Temporal response-constant current anemometry
While the initial characterization of the sensor is performed in laminar flow, estimates for the temporal response will indicate the ability to detect and resolve fluctuations in turbulence measurements. When performing HWA under the CCA mode of operation in laminar flow, a steady state solution to the temperature in the nanoribbon is simply the balance of Joule heating to convective heat transfer:
where I is the current through the nanoribbon, R is its resistance, h is the convective heat transfer coefficient, A s is the surface area of the ribbon, and ∆T = T w − T f is the temperature difference between the nanoribbon and fluid. When undergoing a perturbation to the velocity, the balance of heat transfer will have a temporal lag, meaning there is an unsteady component to the balance of heat transfer. This can be represented as
where m and c p are the mass and specific heat of the sensing element, τ is time, and T f is assumed constant in this analysis, meaning the flow speed is high enough such that the sensing element does not significantly heat up the fluid around it. This also assumes the temperature distribution throughout the sensing element is uniform at any instant in time, which requires the end conduction to be negligible. It can be shown by utilizing the modified parameter Γ for end conduction in a how wire [17] :
where l is the wire length, d is the wire diameter, a is the overheat ratio, k f is the thermal conductivity of the fluid, k is the thermal conductivity of the wire, and Nu = hl/k is the Nusselt number, which represents the ratio of convective to conductive heat transfer. For the ribbon-like geometry used here, the appropriate form of the Nusselt number, given by [18] is
Since the sensing element used here has a rectangular crosssection with the heat transfer occurring over two of the surfaces, equation (9) will need to be doubled when calculated in equation (8) .
Assessing whether the sensor satisfies the requirement of Γ > 14 determines if the end conduction of heat through the sensor is negligible compared to convective heat transfer. Following the analysis of [17] , equation (8) can be modified for the rectangular cross-section to be
where w is the wire width in the stream-wise direction, t is the wire thickness, and the Nusselt number is based on the wire width. For the nanoribbon geometry used here ( × w × t = 60 µm × 2 µm × 100 nm), water as the working fluid, and, and due to the boiling point of water, a modest overheat ratio of 1.05 results in Γ = 24, satisfying the end conduction criteria. Non-dimensionalization of equation (7) allows a timescale for hot wire operation, τ s,h to be extracted:
where ρ w is the density of the wire and A c is the wire crosssectional area. For the same geometry and fluid properties as used above, the approximate time scale is τ s,h ≈ 10 µs for use in air and τ s,h ≈ 0.5 µs in water. These numbers indicate that this sensor operated as CCA has enough bandwidth for turbulence measurements in both fluids. A more precise estimation of the temporal response of the sensor can be characterized. While the time response due to thermal lag is slower for CCA than constant voltage (CVA) or constant temperature (CTA) methods [7] , the simplicity and stability of the circuitry involved makes it an appealing methodology to employ. The time response of the wire under CCA can be analyzed by determining the balance of heat transfer in the nanoribbon in time [5, 19] . By numerically solving equation (7) subjected to a step increase in velocity, the temporal response of the HWA for the nanoribbon in both air and water can be evaluated. This is done by plotting the time it takes for the non-dimensional temperature to decay, represented by the ratio of the difference in temperature of the wire from a start case, T − T 1 , to the total temperature change of the wire between the end and start case, T 2 − T 1 . The results are shown in figure 3 , which show the response time to be 22 µs in air and 0.28 µs in water, which is in agreement with [5] . These calculated results both match the estimated order of magnitude of the timescale from equation (11) . While two orders of magnitude in increased response time is impressive, these results are to be expected, as water is significantly better at conducting heat compared to air. However, the boiling point of water will limit the available overheat ratio that can be utilized, thus potentially increasing the sensor response times.
Temporal response-elastic filament velocimetry
Characterization of the response time of the nanoribbon when operated in the EFV mode is done by evaluating the modified damped harmonic oscillator equation for the nanoribbon [11] :
where C a is the coefficient of added mass, ρ f is the fluid density, w is the wire deflection in the direction of the nano-scale dimension, E is the wire modulus of elasticity, I = wt 3 /12 is the area moment of inertia of the wire, s is the coordinate direction along the length of the wire, N is the axial wire tension from elastic deformation, C D is the coefficient of Stokes drag on the wire, V is the instantaneous velocity aligned with the wire thickness (the y-direction as defined in figure 1), and μ is the fluid viscosity. Since the deflection δ is sufficiently small [11] , the coordinate s nearly aligns to z as defined in figure 1 . Non-dimensionalization of equation (12) allows the extraction of a time scale due to the fluid forcing, τ s,f , which is found to be
Estimation of the timescale for the EFV mode of operation is τ s,f ≈ 200 µs in air and τ s,f ≈ 5 µs in water. This estimation shows that the sensor should be well suited for turbulence measurements in water, but the current configuration is limited in its frequency response in air. Numerically solving equation (12) results in a more accurate prediction of the response time of the wire and shows a somewhat more optimistic view in air. The methodology employed is outlined in Fu et al [11] , and the results are shown in figure 4 .
Similar to the analysis shown in figure 3 , the response is calculated by evaluating the ratio of the change in wire strain from the initial state, ε − ε 1 , to the total change in wire strain between the final and initial state, ε 2 − ε 1 .The flow conditions were matched to those used in the hot wire analysis, and the numerical solver took into account the changing geometry of the nanoribbon support structure, in contrast to the timescale estimate based only on the nanoribbon geometry, which has no effect on the hot wire temporal response. The time for the non-dimensional strain to decay to 1/e is found to be 3 µs in air and 2 µs in water, matching the estimate for water but showing a significant deviation for air. The response in air also shows an underdamped response that oscillates about the final position, where water instead damps the wire movement. A likely explanation for the significant deviation between the numerical results and the time constant estimated from equation (13) is due to the wire 'stubs' (reference figure 1) that the numerical solver incorporates which acts to put tension on the nanoribbon. This tension is predominantly due to the larger stubs experiencing the majority of the fluid forcing compared to the nanoribbon, thus resulting in a larger magnitude in the forcing C D µ, and thus a decrease in the time constant of equation (13) .
A similar effect can be found if the wire is fouled by debris from the flow. Assuming the wire does not break, accumulation of material or contaminants will cause the wire to have a larger surface area exposed to the flow. This can increase the drag on the nanoribbon which would improve the response, but it would also contribute to additional mass on the wire, which can increase the time constant. Impacts of debris on the wire can also cause a shift in the wire calibration, much in the same way hot wires can experience shifts and drift from fouling [20, 21] . No data reported herein was affected from a shift in the calibration, as any run that experienced a shift was discarded, and the wire recalibrated.
Since the experimental portion of this study is performed in water, the behavior of air will not be investigated further, but the numerical results provide an enticing prospect of the sensors capability for measuring also in air. However, further Temporal response of the sensor operated as a hot wire and subjected to a step increase in velocity. The response time is calculated as the time it takes for the non-dimensional temperature change to decay to a value of 1/e. The solid line is the result when used in water, the dashed line is in air.
experimental validation of the sensor should be performed in air to confirm the numerical findings.
Temporal response-switching modes of operation
As demonstrated above, both the EFV and HWA mode of operation have response times as fast or faster than conventional instrumentation used to measure turbulent flows, and will resolve the turbulent scales in most flow facilities. However, the above analysis assumes that the wire is operated in a single mode continuously. Since the EFV is sensitive to wall-normal fluctuations, and HWA is sensitive to streamwise fluctuations, switching between the two modes at a high frequency would allow measurements of two components at a near simultaneous time. Furthermore, this would allow measurements of the correlation between two components with improved resolution compared to standard crosswires. To perform such measurements, the nanoribbon needs to respond quickly to a significant change in the current, not simply a perturbation from the mean as investigated above. Therefore, the entire electronic and sensor system is characterized for a changing wire current. This is done by sending a square wave that alternates between high a low voltage to a Wheatstone bridge, allowing the current in the wire to alternate between CCA (HWA) and EFV modes of operation.
Experimental setup
Instrumentation
A basic setup of the circuitry used to operate the sensor in both a constant current hot wire and constant current EFV can be seen in figure 5 .
The nanoribbon is placed in one of the legs of a Wheatstone bridge, which has a voltage applied from a constant source or function generator. As the resistance of the wire changes due to strain or heat convection, the balance of the bridge changes and a differential voltage is picked up and amplified. This signal then passes through a second stage of amplification, either a large amount (4750 times voltage amplification) for the strain based operation, or a smaller value (200 times voltage amplification) for the hot wire operation. The current applied for HWA was 6.05 mA for all tests except when testing the small HWA step response in section 4.1, where it switched between 6.05 mA and 5.75 mA. The EFV mode of operation utilized an operating current of 67 µA, which is sufficiently small to assure no joule heating in the nanoribbon.
The wire is tested under three different configurations:
(i) Square wave input, or quasi-simultaneous measurement, where the current in the wire alternates between high and low at a set frequency. (ii) Low constant current, or EFV mode, where the change in resistance of the nanoribbon is due to the strain from the fluid forcing. (iii) High constant current, or hot wire mode, where a the change in the resistance of the nanoribbon is due to the convective cooling of the flow.
These three modes of operation will show that the nanoribbon has different dominant sensing directions depending on the mode of operation, and that the temporal response of the wire allows these two modes to be captured at high frequencies. It is important to note that conflation of the straininduced resistance changes with the temperature-induced changes will not result in significant errors to the velocity measurements when operating in the high current mode. The wire resistance change due to the velocity induced strain is on the order of 10 −2 %, while the resistance change in the high current, hot wire mode is on the order of 10%, up to three orders of magnitude greater. When measuring a turbulent velocity with a hot wire, CTA is often the preferred technique for enabling high bandwidth and sensitivity [16] . Inexpensive electronics, coupled with the small time constants associated with the nanoribbon (on the order of 1µs due to the wire geometry and fluid properties), enables high bandwidth even with CCA. The circuitry of figure 5 is made in house, and the square wave input signal is provided by a low noise function generator (Stanford Research Systems Inc. model DS360). Data was sampled at 500 kHz, enabling the waveform to be resolved at the higher frequencies.
The low current mode of operation, which is what allows a measurement of the EFV effect, is also the same mode of operation utilized for temperature measurements in a cold wire. Therefore, the temperature of the facility needs to remain close to constant in order to minimize potential errors in the strain measurement. The nanoribbon has a measured thermal coefficient of resistance α = 0.002 K −1 , which agrees with Bailey et al [5] . The experimental conditions results in a maximum change in resistance over the course of a dataset, due to temperature, on the order of 2 × 10 −4 . As the data collected were averaged over multiple runs, and the thermal drift was accounted for in post-processing for each set, the errors on the measurements due to temperature uncertainty are sufficiently small to give confidence in the strain measurements.
Test facility
The tests were conducted in a recirculating water tunnel, which has a test section of . All tests presented in this study are conducted in a uniform flow with very low turbulence intensity. The temperature in the facility is approximately constant over each data set at T = 20
• C, with a variation less than 0.1
• C, under the uncertainty of the thermocouples measuring the reservoir temperature. This near constant temperature is due to the large size of the reservoir, at 3600 liters. A single sensor with a 60 µm long nanoribbon and a cross sectional area of 2 µm by 0.1 µm was used in all subsequent tests. For the Bode plots and hot wire angle sensitivity tests shown below, the free stream velocity in the water channel was U = 1m s −1 .
Results
Frequency response
Initial testing of the wire was performed by sending a square wave voltage signal to the Wheatstone bridge, causing the voltage across the bridge, and thus current through the wire, to change between a high and low value. This in turn results in the sensor alternating between HWA and EFV modes at the frequency set by the square wave. The square wave frequency was logarithmically varied from 1 Hz to 50 kHz, while the amplitude was held consistent across all frequencies. Figure 6 shows three different trials at 224 Hz, 946 Hz, and 2792 Hz. The point in which the switch from low to high current operation was aligned for all three trials, and the resulting phaseaveraged signal responses are matched for all three cases. This indicates that the wire response is consistent across switching Figure 5 . Schematic diagram of the high/low current circuitry. The voltage applied to the bridge, V in , is alternated between high and low values, R 1 are large resistors to limit the current through the wire, R 2 is a balancing resistor, R w is the sensing wire, the instrument amplifier boosts the signal out of the Wheatstone bridge, and the low and high gain amplifiers apply an appropriate amount of gain to the HWA and EFV signals, respectively. frequencies, and thus the rise time is indicative of the amplifier and sensor system, not the signal generator.
The response time to the switch from low (EFV) to high (HWA) current can be seen in figure 7 . Note that this response is not the same as the estimated time response in figure 3 , as that characterizes how a small perturbation affects the system. Instead, the system is now moving from one mode of operation to another, and thus will lag compared to the prediction for a small disturbance. Figure 7 shows the attenuation is near negligible up to 1 kHz, and shows approximately −6 dB of voltage attenuation, which corresponds to 50% of the original signal, at 25 kHz. In the same figure, an extrapolated bode plot of the EFV to HWA response was calculated by measuring the signal attenuation for the 109 Hz dataset at each data point as
where A is the voltage attenuation, V(t) is the instantaneous voltage at time t, V peak is the voltage at the spike (where the system starts the transition from one mode of operation to the other), and V final is the steady state voltage under this mode of operation. This value is calculated for each time t in the waveform, then phase-averaged over all wave forms. The frequency of 109 Hz was chosen because it was found to be unattenuated, and it allowed for more phase-averaging while providing three decades of frequency values to calculate. The time from the initial switch of the current to the calculated value was then converted to an equivalent frequency, and the result is shown as the dashed line in figure 7 . The shape of the data and extrapolated bode plot are similar to an over-damped second order system. An example transfer function of this theoretical system is also shown in figure 7 as the solid blue line, with a cutoff frequency at 25 kHz. This type of transfer function could be used to compensate measured data that may be attenuated by the high frequency switching.
The system response when switching from high (HWA) to low (EFV) current can also be characterized. As can be seen in figure 6 , the cooling process is much faster and the signal quickly returns to steady state when switching to the EFV mode. Figure 8 shows the calculated response of the system as a function of switching frequency. Compared to the switch to high current (CCA) mode, the low current (EFV) mode responds over an order of magnitude faster. The attenuation at 10 kHz is only −0.1 dB, and a fitted first order response (in blue) results in a cutoff frequency at 1.5 MHz, with a −3 dB response, or 70% of the voltage signal, at 600 kHz. An extrapolated response from the phase-averaged data is also shown in the dashed line, which shows excellent agreement with both the data and lumped capacitance model, shown as the dotted line.
When the current applied to the wire is switched from the high to the low value, the joule heating component of equation (7) drops out immediately, and the new first order ODE can be solved utilizing the equilibrium CCA wire temper ature as the initial condition. Numerically solving the system with these conditions and solving for the step response gives a −3 dB response at 1.8 MHz, which is faster than the exper imental result but within an order of magnitude of the predicted response from figure 8. This response time can also be obtained through modeling the sensor in a lumped capacitance manner and subjecting the model to a step change, where all components of the sensor are included, not only the nano ribbon [6, 22] . The results of this analysis are shown in figure 8 as the dotted line, which has a −3 dB response at 800 kHz, which also matches the order of magnitude of the numerically solved equation and nearly matches the curve fit. The two modeling predictions both show a better response than what was measured, which is a result of the analysis applying a small step change rather than the large one in the experimental setup.
Applying a small step change in the hot wire voltage, thus switching between two overheat ratios, will allow an approximation to the hot wire response. The results can be seen in figure 9 . The square wave applied to the Wheatstone bridge had a small amplitude about a large mean, causing the current to change between 5.75 mA and 6.05 mA. While this change in current does not represent the same physical mechanism that a velocity change would induce to the system, it maintains a hot wire mode of operation throughout the switching process. The −6 dB cutoff is at 80 kHz, which is higher than the results of figure 7, implying the system is slower to respond to a switch in operation modes compared to the wires capability to come into equilibrium with the flow as either a hot wire or EFV. The extrapolated response, shown as a dashed line, and a first order system, shown in blue, both agree well with the data.
At this time, the exact frequency response for the EFV cannot be experimentally obtained. This would require a system that could input velocity (or force) disturbances at a range of frequencies, since the sensor measures an internal strain imposed by the flow. The theoretically derived time response was shown to be 200 kHz in water in section 2.4. As shown above, theoretical estimates can vary from the realworld responses, but it is reasonable to assume that the EFV is as fast or faster than the HWA.
EFV angle calibration
The sensor was tested in EFV mode at varying velocities and at multiple angles of attack to the free stream flow direction. Figure 10 shows the sensor performance at angles −10 . It is immediately apparent that the EFV has an increased response at increasing angles of attack. This is expected, as increasing α puts the strain-sensitive direction into the flow direction. The signal exhibits an unexpected behavior when at negative angles of attack, where it first decreases then increases again. This is due to a pre-deflection of the nanoribbon and the anisotropic shape of the sensing element. The manufacturing process of the sensor results in some initial deflection or strain in the wire. This pre-deflection, as discussed in [11] , can cause the wire behavior to depart from the low order model of
with the variables defined from equation (12) . If the fluid forcing were to 'push against' this initial deflection, the resist ance would decrease until it buckled into a new equilibrium, where it would start increasing again with increasing forcing. The data for α = −6
• seem to indicate this sort of behavior, while the other angles show an increasing resist ance change with both increasing flow velocity and angle of attack.
A theoretical prediction for the resistance change at α = 10
• , indicated by the solid black line, is also included in figure 10 . This calculation takes into account both the forcing on the wire 'stubs' and the pre-deflection in the same manner the numerical solution in figure 4 did. Additionally, the flow velocity is multiplied by sin α, since the sensor is not oriented in the ideal 90
• case. The agreement at lower velocities is expected, as the analysis and models are designed under the limit of small Re, while the deviations at higher velocities can again be attributed to the imperfect relation for C D of the wire. The combination of equations (2), (3) and (5) in conjunction with the map of figure 10 allow the experimentalist to extract U, u , and v from the flow, assuming the sensor is oriented with a slight α > 0 to the wall.
Hot wire angle sensitivity
To verify the assumptions used to derive equation (5), the sensor is placed in flow and operated as a hot wire while the pitch angle α is varied. As mentioned in section 2.2, the overheat of the wire must be sufficiently high to be insensitive to pitch angle. As seen with the square symbols in figure 11 , the sensor can show up to 9% error for α < −5
• and α > 10
• . This is in contrast to previous studies of nanoscale hot-wires, which showed minimal change in sensitivity for moderate deflection [14, 23] . However, this data set was taken at a very low overheat ratio of only 1.07. When operated at a higher overheat of 1.15, the dependence on angle is less, as seen as the triangles in figure 11 . The overheat of 1.15 results in a temper ature increase of 75
• C, which means the freestream water temperature must be kept under 25
• C to keep the wire from boiling the surrounding fluid. As mentioned in section 3.2, the freestream temperature was held constant at 20
• C throughout the tests. Furthermore, the EFV effect can influence the HWA, especially at low overheats. By estimating the resistance change due to strain at each angle of attack utilizing the data from section 4.2, the data is corrected and shown with gray symbols in figure 11 . With a sufficiently high overheat ratio, the resulting sensitivity to α is decreased significantly and deviates by less than ±2% for −10
• < α < 10
• . This implies that a sufficiently high overheat must be used to apply the assumption that the angle of the wire does not affect the HWA velocity measurements, as is done in the derivation of equation (5) .
The results of figures 10 and 11 indicate that the sensor could be deployed at a slight angle to the wall to maximize sensitivity in EFV while minimizing angular sensitivity in the hot wire.
Conclusions and future use
By deploying a sensor consisting of an electrically conductive nanoribbon, two components of velocity can be measured using two separate velocimetry methods. The frequency responses of the different modes as well as the switching system is discussed and characterized, both theoretically and experimentally. It is shown that the most restrictive operation is switching from EFV to HWA, which implies that the nanoribbon must reach its equilibrium with the flow faster than the system switches between modes. The measured attenuation demonstrates a single pole, first-order system behavior to switching frequency, which could be easily compensated for in post-processing.
It is shown that switching from HWA to EFV is an order of magnitude faster in water flows, which implies that two components of velocity can be acquired 100 kHz apart and that the repetition rate can be up to ∼3 kHz unattenuated, and 10 kHz with only minimal attenuation. The methodologies introduced here can be utilized for turbulence measurements or in other applications where magnitude and direction of a flow velocity is of interest. The small size and experimentally determined frequency response of system indicates the ability to resolve turbulent fluctuations in both sensing modes. While low switching frequencies would allow mean and fluctuating components to be measured, high frequency switching would enable the measurement of the covariances between the velocity components (e.g. Reynolds stresses). This methodology will have to be tested and calibrated in situ where the instantaneous flow direction would need to be backed out for each coupled data point, and further sensor characterization must take place for measurements in air. Utilizing two wires/circuits in close proximity and at orthogonal orientations would enable three components to be measured and consequently allow measurement of the entire Reynolds stress tensor.
While the experimental results were obtained in water, the methodology works also in other fluids such as air. The scaling and numerical results for the sensor performance in air is also shown to be promising, but future experimental validation of the temporal response in air should be performed. The low cost and simplicity of the electronic system allows for distributed deployment of sensors in large arrays. Hot wire sensitivity to angle of attack α. Square symbols were taken at an overheat ratio of 1.07, triangles at an overheat of 1.15. Gray dashed-dot line is corrected for the EFV effect. The dashed lines represent a ±2% variation limit.
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